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While estimates for the prevalence of mental retardation in the normally developing population are approximately 9%, 1 estimates of mental retardation based on the administration of the Wechsler Intelligence Scales (WIS) 2, 3 or the Stanford-Binet 4 to children with DMD have ranged from 20% 5 to as high as 50% in some studies. [6] [7] [8] There have been intermittent review articles 9 focusing on this issue, with authors noting aspects of the prevalence discrepancy, but no large-scale collation of the considerable published DMD intelligence data has yet been undertaken. The purpose of this paper is to provide an up-to-date review of this literature, and to report, as well as to summarize, the preliminary results of a metaanalysis of the available data, focusing on on global intelligence measures and DMD.
Metaanalysis
The metaanalysis of intellectual functioning and DMD was conducted with the aim of consolidating four decades of research, as well as illuminating some key issues in the debate about the prevalence and extent of mental retardation among children with DMD. Published reports of research articles concerning intelligence in children with DMD were carefully screened for information on age, severity of disease, intelligence tests employed, and intelligence profiles. For those studies where individual and summary data were were reported, the individual data were collated for statistical analyses.
For those articles that had been published since 1980 and that only contained summary information, the authors were located and the raw data were requested. A letter requesting individual data for the purpose of the metaanalysis was sent to 39 authors. Data from 32 studies were obtained for 1231 individuals with muscular dystrophy (Table I) .
There were 1224 children with DMD and seven individuals with Becker muscular dystrophy (BMD). The focus of this paper is on those with DMD (n=1224), although it should be noted that some of the studies included predate the availability of direct molecular confirmation of the diagnosis, and hence there is some potential among the older data for contamination of the DMD sample with Becker patients misdiagnosed as having DMD.
The mean age of individuals with DMD was 12.26 years (n=1078, SD 4.06, range 2 to 27 years). There were several recruitment methods adopted by the studies including recruitment through institutions for those with disabilities, schools, medical clinics, and through muscular dystrophy associations. Information regarding the age at onset of symptoms was available for 176 children. The mean age of the emergence of symptoms for these children was 3.49 years (SD 2.15, range 0.08 to 9 years). There were only 13 cases where information regarding age of confinement to a wheelchair was available, the mean age being 9.15 years (SD 1.85, range 7 to 12 years).
Full-Scale intelligence
Children with DMD have been reported to have Full-Scale intelligence quotients (FIQs) averaging around 80, or 1 standard deviation below the normal population IQ. 1, [10] [11] [12] [13] [14] [15] [16] [17] [18] However, other researchers have failed to replicate these findings, recording near to average IQs in children with DMD. 12, [19] [20] [21] [22] [23] Annotation *US usage. UK usage: learning disability.
There were 1146 individuals with DMD for whom the FIQ was available, and the distribution of their FIQ scores is shown in Figure 1 .
The In the past, the overall prevalence of mental retardation in children with DMD has been difficult to establish, as many authors have not specified how they defined mental retardation. In addition, the practice adopted by some authors of assuming that the derived sample means are sufficient to substantiate claims of a higher incidence of mental retardation in the population with DMD has further complicated this question. Where cut-off values used to define mental retardation have been stated, the literature reveals that some authors have specified an IQ of 70 or less as an indicator of mental retardation, 24 and others have used a cut off IQ score of 80. 12 Such differences in defining mental retardation have resulted in the significant variation observed among published prevalence estimates.
The prevalence of mental retardation in children with DMD for the metaanalysis was examined using criteria specified by the American Association on Mental Deficiency. 25 Mild mental retardation was defined by an IQ range of 50 to 70, moderate mental retardation by FIQ scores ranging from 35 to 50, severe mental retardation by FIQ scores ranging between 20 and 35, and profound mental retardation was defined by scores less than 20. Overall, 34.8% (n=426) of the children in the sample had an FIQ less than 70. Of these children 79.3% (n=276) had mild, 19.3% (n=67) had moderate, 1.1% (n=4) had severe, and 0.3% (n=1) had profound mental retardation. It should be acknowledged that 73 or 5.9% of the children had an FIQ in excess of 110, a score which is considered above average.
Verbal and non-verbal intelligence
Findings regarding the extent of the intellectual impairments experienced by children with DMD have been equivocal. Some authors maintain that the cognitive impairments are global in nature 1, 11, 24, 26 while others have argued that children with DMD encounter specific problems in cognitive functioning. Indeed, many have argued that verbal intelligence and verbal skills may be more affected in children with DMD than non-verbal or performance intelligence. Supporting this notion is evidence that the age at which DMD children first speak is later than expected according to accepted developmental milestones. 27, 28 Impairments have also been reported in confrontational naming, 13, 23 verbal fluency, 13, 29, 30 reading, 31, 32 phonological and graphophonological production, 13, 32 receptive language, 26, 29 expressive language, 33 and verbal learning. 34 Recent evidence suggests that children with DMD may have a distinct language-based learning deficit, similar to that of children with developmental dysphonetic-dyseidetic dyslexia, rather than an intellectual disability in the traditional sense. That is, children with DMD have difficulties with not only phonic analysis and synthesis of words, but also have problems with perceiving the visual shape of whole words. 32 The Verbal IQ (VIQ) and Performance IQ (PIQ) scores of the WIS have often been used by researchers to determine the extent of intellectual disability in children with DMD. As with the FIQ, VIQ scores of children with DMD have been reported to be much lower than the standardized norms and the normally developing population, 10, 35 though on close examination of the mean VIQ scores reported in the literature, it is possible to find a great deal of variety in the verbal abilities of children with DMD. For example, published mean VIQ scores range from 62.2 36 up to 112.43. 37 The VIQ was available for 881 children and Figure 2 illustrates the frequency distribution of VIQ scores for these children. The mean VIQ was 80.4 (SD 18.8), with scores ranging from 39 to 144, and the 99% confidence interval was 78.6 to 82.04. The mean VIQ was significantly different from the normal population mean VIQ of 100, t (880)=30.93, p<0.01. The frequency distribution of VIQ did not differ significantly from normal, Kolmogorov-Smirnov, z=0.079, p>0.05.
Generally, reported VIQ scores have tended to be lower than the PIQ scores among these children, with estimates of mean PIQ ranging from 83 23 up to 104. 38 PIQ scores in this sample were available for 878 children with DMD (Fig. 3) .
The mean PIQ score for the sample was 85.4 (SD 16.9) with the scores ranging from 42 to 136 and a 99% confidence interval of 83.93 to 86.87. The mean PIQ score for the children with DMD differed significantly from the normal PIQ mean score of 100, t (877)=25.64, p<0.05, and the distribution of scores did not deviate from the normal distribution, Kolmogorov-Smirnov z=0.96, p>0.05.
Some authors have employed the VIQ-PIQ discrepancy to illustrate that verbal intelligence is more affected than performance intelligence in children with DMD, 13, 33, 35, 38 and estimates of mean VIQ-PIQ discrepancies have ranged from -7.40 38 up to -9.15. 35 There is only one study in which a positive mean VIQ-PIQ discrepancy (0.09) has been reported. 39 Figure 4 shows the frequency distribution of VIQ-PIQ discrepancies for 877 children with DMD. The mean VIQ-PIQ discrepancy score was -5.1 (SD 14.4), with discrepancies ranging from -44 to +46. The lower bound of the 99% confidence interval was -6.3 and the upper bound -3.8. The mean VIQ-PIQ discrepancy was significantly different from zero, t (876)=-10.45, p<0.05, and once again the distribution of mean VIQ-PIQ scores did not differ significantly from a normal distribution, Kolmogorov-Smirnov z=1.04, p>0.05.
The mean VIQ score calculated from these data was five points lower than the mean PIQ score, somewhat lower than the VIQ-PIQ score differences reported in previous studies. 35, 38 The estimate is also considerably lower than the VIQ-PIQ discrepancy of 10 points 3 required for establishing clinical difference at the 0.05 level.
The results from this metaanalysis for the VIQ, PIQ, and VIQ-PIQ discrepancy are interesting in light of the assertion made by a number of authors that verbal intelligence and or verbal skills may be impaired in some children with DMD. Indeed, as a population, the mean VIQ and PIQ are not clinically significant. This contradicts previous research, which has found that VIQ is adversely affected in children with DMD. Several explanations may account for this finding. First, only some children with DMD may have verbal impairments, suggesting the notion of subgroups within this population. Karagan and Zellweger 38 divided a sample of 53 children with DMD into two groups; the first group had a VIQ score at least 7 points below their PIQ, and the second group comprised the remaining children. The groups did not differ with respect to chronological age or severity of disease, but children in the first group had significantly higher mean PIQ and VIQ scores than the means for the second group. They argued that the VIQ-PIQ discrepancy could be used as a tool for distinguishing two distinct groups of children with DMD.
Recent research on intellectual functioning and deletion status has also supported the notion of subgroups. Two dystrophin isoforms, Dp71 and Dp140, have been implicated in mental retardation among children with DMD. Dp71 is transcribed between exons 62 and 63, and Dp140 is transcribed upstream from exon 45. [40] [41] [42] Not all children have detectable deletions affecting these regions of the gene, and as such, one would expect that these children do not display impairments in either verbal or non-verbal functioning. However, there is a need for further research which examines the roles of these dystrophin isoforms in the brain, before any conclusions can be reached regarding subgroups within the DMD population.
A second explanation of the VIQ-PIQ discrepancy is related to the possible association between PIQ and progression of the disease. Although some children have a negative Annotation 499 
Frequency
Frequency VIQ-PIQ discrepancy, some children have either positive or negligible VIQ-PIQ discrepancies. Several authors have argued that PIQ in children with DMD declines with age and the progression of the disease. 11 Since PIQ tasks require speed as well as accuracy, it is not surprising that there is a decline in scores as the disease becomes more severe and motor impairment worsens. This decline in PIQ either minimizes the VIQ-PIQ discrepancy, or results in a positive difference between VIQ and PIQ scores. Failing to consider severity of disease and age of the child when examining VIQ-PIQ discrepancies may result in underestimation of the verbal impairments present. Further investigation is needed to clarify the value of VIQ-PIQ discrepancies, including the issue of the extent to which educational level may contribute to the degree of discrepancy.
Another possible explanation for these data is that VIQ and PIQ, as global intelligence measures, are insensitive to the strengths and weaknesses of children with DMD. This argument is supported by some more recent findings which suggest that regardless of IQ, children with DMD have problems with working memory. 43 Indeed, by continuing to focus on IQ, we may neglect the identification of cognitive impairment profiles in children with DMD.
Methodological and theoretical considerations
Several theoretical and methodological considerations have come to light while reviewing the research on intelligence and DMD. There has been a heavy reliance on intelligence tests such as the WIS in the DMD literature. Results from studies using IQ tests have not been informative in the sense that only global information about the abilities of children with DMD were provided. The diversity of results may have been compounded by the multiplicity of instruments used to assess intelligence, including several versions of the WIS (including the Wechsler Intelligence Scale for Children and the Wechsler Adult Intelligence Scale), the Stanford-Binet, and others. It has been widely demonstrated that there can be substantial differences in estimates of IQ depending on the instrument chosen. 44 An under recognized problem is that the data are likely to be biased as a consequence of the motor impairment experienced by the children. Only a few researchers have acknowledged that most of the performance subtests of the standard intelligence tests are dependent on motor coordination and timing. The limitations placed by the disease on children's muscle function would certainly influence performance on timed tests, which assume normal motor coordination. Diagnostic issues also require careful consideration. Research conducted over the last decade has been able to use more sophisticated and advanced techniques to confirm the diagnosis of DMD. Earlier studies, however, did not have access to these methods, increasing the risk of misdiagnoses, particularly with BMD. Unfortunately, misdiagnosis is impossible to identify in the earlier research, but is likely to have been a problem, which has contributed to the diversity of research findings reported.
Small sample sizes and diverse recruitment methods in clinical studies should also be issues occupying the attention of researchers. Many of the studies reviewed here comprised small samples, recruited from a variety of sources. Children with DMD who are recruited through institutions for those with disabilities are likely to have more severe physical and intellectual impairments, and as such, the severity and prevalence of mental retardation in a sample drawn only from an institutional setting may be overestimated. The metaanalysis conducted here was in part an attempt to overcome such biases, by including all of the best published material obtainable, and it is hoped that the data derived from our diverse sample constitutes the most representative picture yet obtained of the DMD population.
Conclusions
The information presented here to our knowledge represents the largest published collective data set on intelligence in DMD children. The fact that the FIQ scores for children with DMD were normally distributed around a mean of 80.2 supports the notion that the population mean IQ score for children with DMD is 1 SD below the normal population mean IQ of 100.
Although the precise nature of mental retardation in children with DMD remains to be adequately delineated, the considerable heterogeneity in intelligence among children with DMD suggests the possibility of subgroups of children, notwithstanding our earlier comments regarding testing biases. As indicated by VIQ-PIQ discrepancies, not all children with DMD demonstrate deficits in verbal intelligence. Likewise only some children with DMD have a PIQ significantly less than their VIQ. The precise nature of the impairment in non-verbal intelligence remains to be more carefully defined, and while the majority of recent studies have focused on language and verbal learning in children with DMD, non-verbal intelligence requires more attention than it has thus far received. If subgroups of cognitive deficits do exist within the DMD population, it is important for researchers to identify their specific neuropsychological profiles. VIQ-PIQ discrepancy scores may prove to be one way to identify subgroups of children with DMD, and such discrepancy scores have already been successfully employed in research focusing on subgroups of children with mental retardation. 45 Accepted for publication 22nd November 2000. VIQ-PIQ discrepancy score
